The first phase of the long-baseline neutrino experiment, LBNE10, will use a broadband, high-energy neutrino beam with a 10-kt liquid argon TPC at 1300 km to study neutrino oscillation. In this paper, we describe potential upgrades to LBNE10 that use Project X to produce high-intensity, low-energy neutrino beams. Simultaneous, high-power operation of 8-and 60-GeV beams with a 200-kt water Cerenkov detector would provide sensitivity to νµ → νe oscillations at the second oscillation maximum. We find that with ten years of data, it would be possible to measure sin 2 (2θ13) with precision comparable to that expected from reactor antineutrino disappearance and to measure the value of the CP phase, δCP , with an uncertainty of ±(5 − 10)
E ν = (2-4) GeV. As described in its conceptual design report [5] , LBNE10, in combination with other neutrino data, is expected to determine the neutrino mass hierarchy and provide an initial measurement of the CP phase in the three-generation framework. Figure 1 shows the total neutrino-antineutrino asymmetry in the probability of ν µ → ν e appearance as a function of δ CP , at the first and second oscillation peaks, for normal and inverted hierarchy, at a distance of 1300 km. This asymmetry includes contributions from both CP and matter effects. It is clear from Fig. 1 that the matter effect is large in the first oscillation maximum, but in the second oscillation maximum, where E ν = (0.2-1.5) GeV, the CP asymmetry is large with very little matter asymmetry. For this reason, measurement of ν µ → ν e appearance at the second oscillation maximum provides excellent sensitivity to CP violation, independent of the mass hierarchy.
Project X [6] will make it possible to produce high-intensity, low-energy neutrino beams. In this paper, we summarize and update [7] , which argues that simultaneous, high-power operation of 8-and 60-GeV beams with a 200-kt water Cerenkov detector at a long baseline provides sensitivity to ν µ → ν e oscillations at the second oscillation maximum, allowing precise measurements of neutrino oscillation parameters independent of the mass hierarchy. Total neutrino-antineutrino asymmetry in the probability of ν µ → ν e appearance at 1300 km, at the first (black line) and second (red line) oscillation maxima, for normal (solid line) and inverted (dashed line) hierarchy, as a function of the true value of δ CP .
The kinematics of neutrino beam production dictates that the only way to produce significant yield of neutrinos at low energies is with high proton- The resulting neutrino beams would have significant flux with E ν < 1.5 GeV, which would allow measurement of ν µ → ν e oscillation at the second oscillation maximum at 1300 km.
Here, we consider a 200-kt water Cerenkov detector, with reconstruction performance similar to Super-Kamiokande (SK) [8] , located at Sanford Underground Research Facility (SURF) [9] , as a potential future upgrade to LBNE. The efficiency of a water Cerenkov detector for quasielastic neutrino scattering, which dominates at low neutrino energy, is ∼80%. For this study, we have used GLoBES [10, 11] to estimate the experimental sensitivities using the oscillation parameters, constraints (where applicable), and experimental assumptions shown in Table 1 . The central values of and constraints on the oscillation parameters are taken from a global fit to experimental neutrino data [12] .
SK uses a log-likelihood (LL) variable to distinguish between ν e chargedcurrent signal and background. Log-likelihood variable cuts can be chosen such that there is 40% signal efficiency with little background or 80% signal efficiency with higher background levels. We have applied the SK 80% LL efficiencies for the 8-GeV beam, where background is expected to be low, and 40% LL efficiencies for the 60-GeV beam in which the background level is higher. Selection criteria could, of course, be optimized further, but we do not find large changes in the experimental sensitivity from tightening or loosening these cuts. Figure  2 shows the spectra for five years of neutrino and antineutrino running with the 8-GeV and 60-GeV beams, assuming normal hierarchy. The low-energy background level is significantly reduced relative to higher energy beams.
With ten years of running in simultaneous 8-and 60-GeV mode with a 200-kt water Cerenkov detector, in combination with data from LBNE10, it would be possible to measure both sin 2 (2θ 13 ) and δ CP very precisely. shown here, we assume that the 8-GeV data is all in neutrino mode and the 60-GeV data is equally divided between neutrinos and antineutrinos. We do not include the contribution from additional data that could be taken with the LBNE10 LAr TPC during the ten years of low-energy running.
The 1σ contours from a two-dimensional fit to sin 2 (2θ 13 ) and δ CP for LBNE10, 60-GeV data, 8-GeV data, and the combination of the three are shown in Fig. 3 . The precision on sin 2 (2θ 13 ), coming primarily from the 120-GeV and 60-Gev data, is competitive with the precision expected from reactor neutrino experiments. The measurement of sin 2 (2θ 13 ) is complementary to that from reactor neutrino experiments because it is measured in ν µ → ν e oscillations rather than ν e →ν e disappearance. The 8-GeV and 60-GeV data are highly sensitive to δ CP . The combination of 120-GeV, 60-GeV, and 8-GeV data provides a precise measurement of δ CP with no external constraint on sin 2 (2θ 13 ). Additionally, the 8-GeV, 60-GeV, and 120-GeV data place independent constraints on neutrino oscillation parameters; new physics could be detected as inconsistent measurements of neutrino oscillation parameters in these three data sets. Figure 4 compares the one-dimensional resolution on the measurement of δ CP for simultaneous low-energy beams to LBNE LAr TPC detectors with a range of exposure to beams with energy 80-120 GeV, varying from 70 kt-MWyears to 750 kt-MW-years. Here we apply a 5% constraint on the value of sin 2 (2θ 13 ) for all data sets. This constraint is consistent with the expected final uncertainty on the value of sin 2 (2θ 13 ) from reactor antineutrino disappearance experiments. This constraint is very important for the resolution of δ CP at low exposures; for the simultaneous low-energy beams, such a constraint is less significant because the internal resolution on sin 2 (2θ 13 ) is comparable to the external constraint. Ten years of data with a 200-kt WCD and simultaneous lowenergy beams, in combination with LBNE10, provides the best δ CP resolution for almost all true values of δ CP , and is the only configuration considered that can reach 5
• resolution for any value of δ CP . The blue and green curves show the resolution that can be achieved by a LAr TPC with higher exposures; total exposure for the blue curve is 290 kt-MW-years and for the green curve is 750 kt-MW-years. The cyan and pink curves show the resolution for LBNE10 in combination with five and ten years, respectively, of simultaneous, low-energy beams and a 200-kt WCD, as described in this paper.
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Adding the 8-and 60-GeV data to LBNE10 also significantly improves sensitivity to resolution of the θ 23 octant degeneracy. Figure 5 shows the signifi-cance of the octant determination for LBNE10, 60-GeV data, 8-GeV data, and the combination of the three, as a function of the true value of θ 23 . In this fit, ν µ → ν µ disappearance contributes to the precision on sin 2 (2θ 23 ) while the ν µ → ν e appearance data provides information on the θ 23 octant. Again, a 5% external constraint on the true value of sin 2 (2θ 13 ) has been applied; this is necessary for the LBNE10 analysis, but becomes less important with the addition of the low-energy data. A 5σ determination of the octant of θ 23 will be possible for at least 90% of true values of δ CP for 41
• < θ 23true < 51
• . Most of the sensitivity comes from the 120-GeV and 60-GeV data because the second oscillation maximum does not provide any special sensitivity to the octant determination. Octant Sensitivity Figure 5 : Significance of the octant determination (∆χ 2 for a fit to the "wrong" octant) as a function of the true value of θ 23 for LBNE10(gold), 60-GeV data(blue), 8-GeV data(green), and the combination of the three(red). The width of each curve is due to the unknown CP phase and covers 10% to 90% of possible true δ CP values. The 1σ bound on θ 23 from a global fit to neutrino experimental data [12] is shown in yellow for reference.
In summary, the cleanest, most dramatic sensitivity to the CP phase comes from measurement of ν µ → ν e oscillation at the second oscillation maximum, at long baseline, with a high-mass far detector. Project X, with an 8-GeV pulsed LINAC, could produce simultaneous low-energy, high-intensity beams which probe this low-energy region, making precision measurements of neutrino oscillation parameters possible.
